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We present the synthesis and a detailed investigation of structural and magnetic properties of
polycrystalline Ba(TiO)Cu4(PO4)4 (BTCPO) via x-ray diffraction, magnetic susceptibility, heat
capacity, and 31P Nuclear Magnetic Resonance (NMR) measurements. BTCPO has a 2D layered
structure with interlinked Cu4O12 tetramer units. A broad maximum is observed around 16.5 K in
our magnetization data accompanied by a sharp anomaly around T = 9.5 K in the heat capacity.
An anomaly at about T = 10 K is also found in the temperature dependence of the 31P NMR spin-
lattice relaxation rate 1/T1. A power law behavior for the heat capacity as well as for the
31P 1/T1
below the ordering temperature could be obtained. The 31P NMR lineshape is asymmetric and the
NMR shift tracks the bulk spin-susceptibility. We estimated the isotropic and axial components of
the hyperfine coupling tensor to be as the Aisohf w 6794 Oe/µB and Aaxhf w 818 Oe/µB, respectively.
I. INTRODUCTION
Low-dimensional quantum spin systems have been the
harbinger of high-Tc superconductivity in the cuprates.
On their own as well, they evidence exotic magnetic
ground states and excitations. This has lead to an en-
during interest in quantum magnets and efforts continue
to be made to obtain a better understanding of the di-
versity of the underlying physics in actual experimental
realizations.
Ba(TiO)Cu4(PO4)4 (BTCPO) has a tetragonal struc-
ture in which Cu4O12 assemblies are formed by four cor-
ner sharing square planar CuO4 units. Each cluster of
four CuO4 units buckles from its planar orientation and
gives rise to cupolas (see Fig.1). These Cu cupolas in-
teract with each other through PO4 pyramids. In the
recent past, interesting work has been reported on the
system BTCPO where quadrupolar magnetic moments
arise due to buckling of the plaquettes made up of four
corner-sharing square-planar CuO4 units which give rise
to magnetoelectric activity1. The magnetic susceptibility
of BTCPO exhibits a broad maximum (∼ 17 K) possi-
bly due to short range order in the layers or possibly
within the cupola. Finally, three-dimensional (3D) long
range order (LRO) sets in at 9.5 K due to interlayer
interactions1.
Detailed work pertaining to magnetism and mag-
netoelectricity of BTCPO (and on Sr as well as on
Pb analogs) as also neutron diffraction and dielec-
tric measurements have been reported2–4. Further,
magnetization, heat capacity, 31P NMR and density
functional theory calculations have been reported in
Sr(TiO)Cu4(PO4)4
5(STCPO). STCPO was found to or-
der antiferromagnetically at a lower temperature of TN =
6.2 K and a spin gap of ∆/kB = 10.6 K was found. Re-
cently in Ref.6 a combined experimental and theoreti-
cal magnetoelectric properties of STCPO, BTCPO and
Pb(TiO)Cu4(PO4)4 (PTCPO) has been reported in de-
tail.
In this paper, we present the structural and mag-
netic properties of BTCPO together with heat capacity
and 31P Nuclear Magnetic Resonance (NMR) measure-
ments. We find a broad peak in the susceptibility (χ(T ))
around 16.5 K. No sharp anomaly is seen in χ(T ) below
16.5 K which is in strong contrast to the heat capac-
ity which shows a clear λ-like anomaly characteristic of
three-dimensional (3D) long-range order (LRO). The 31P
NMR shift (K) shows a broad maximum at T ∼ 15 K.
We obtain power-law dependencies for the heat capacity
and the 31P NMR 1/T1 below the ordering temperature.
II. EXPERIMENTAL DETAILS
A polycrystalline sample of BTCPO was prepared by
conventional solid state reaction method using high pu-
rity initial materials: BaCO3 (Alfa Aesar 99.95% ), TiO2
(Alfa Aesar 99.9%), NH4H2PO4 (Loba Chemie ultra
pure) and CuO (Alfa Aesar 99.995%). Powder x-ray
diffraction (XRD) measurements were performed at room
temperature with Cu Kα radiation (λ = 1.54182 A˚) on a
PANalytical X’PertPRO diffractometer. Magnetization
measurements were carried out in the temperature range
2-400 K and the field range 0-70 kOe using a Quantum
Design SVSM. Heat capacity measurements were done
in the temperature range 2-295 K in the field range 0-90
kOe using the heat capacity option of a Quantum Design
PPMS. 31P NMR measurements have been done using
pulsed NMR techniques in a fixed magnetic field of 93.954
kOe with a Tecmag spectrometer. The temperature was
varied between 4-300 K using an Oxford continuous flow
cryostat.
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2III. RESULTS AND DISCUSSION
In this section, we present the results of our XRD, mag-
netization, heat capacity and 31P NMR measurements
followed by a discussion of the obtained data.
A. Crystal structure
The powder XRD pattern of BTCPO (see Fig.2) could
be indexed within the space group P 4 21 2 (space group
no. 90) without any impurity peaks. The refinement
was carried out with the FULLPROF SUITE7. The
refinement parameters are shown in Table I. The lattice
parameters for BTCPO are a = b = 9.6084 A˚, c =
7.1236 A˚. The refined atomic coordinates are shown in
Table II. Our results are in agreement with those of Ref.2.
Space group P 4 21 2
Crystal system Tetragonal
Lattice parameters a = b =9.6084 A˚, c=7.1236 A˚
Refinement parameters Rp = 14.1, Rwp = 11.2
Rexp = 6.99, gof = 2.72
TABLE I. Lattice parameters and refinement parameters after
crystal structure refinement of BTCPO by Fullprof.
Atom Wyk. Pos. x y z Occ. B(A˚2)
Ba 2a 0.0000 0.0000 0.0000 1 1.6(2)
Cu 8g 0.2662 0.9928 0.4007 1 2.4(2)
Ti 2c 0.5000 0.0000 0.9717 1 1.7(3)
P 8g 0.2839 0.1930 0.7458 1 2.7(4)
O1 8g 0.3558 0.1302 0.5581 1 0.734298
O2 8g 0.1237 0.1474 0.7254 1 0.884316
O3 8g 0.3315 0.1201 0.9256 1 0.868525
O4 2c 0.5000 0.0000 0.2074 1 0.947482
O5 8g 0.3056 0.3384 0.7635 1 0.836942
TABLE II. Atomic positions in BTCPO are presented after
refinement of the room temperature XRD data by Fullprof.
Wyckoff positions, occupancy and thermal parameters are
shown for the individual atoms.
The unit cell of BTCPO is shown in Fig.1(a) with
CuO4 plaquettes connected to TiO5 pyramids through
PO4 tetrahedra. In Fig.1(b) the (buckled) upward
and downward facing Cu4O12 square cupolas have been
shown. Individual up facing and down facing Cu4O12
Cupola is shown in Fig.1(c). How a Cu is coupled with
P via O is shown in Fig.1(d and e), where one Cu atom is
connected with P through three different O atoms. The
Cu-O bond length varies from 1.921 A˚ to 2.011 A˚ and
the O-P bond length has values from 1.418 A˚ to 1.621
A˚. The bond angle Cu-O-P has values between 56.8◦ to
122.8◦.
Bond length (A˚) Bond angle (◦)
Cu−O1 = 1.934 ∠Cu−O1− P = 122.8
O1− P = 1.621 ∠Cu−O2− P = 120.6
Cu−O2 = 1.921 ∠Cu−O5− P = 56.8
O2− P = 1.607
Cu−O5 = 2.011
O5− P = 1.418
TABLE III. Bond lengths and the corresponding bond angles
for the interaction paths Cu-O1-P, Cu-O2-P and Cu-O5-P in
the unit cell of BTCPO.
FIG. 1. (Color online) Schematic representation of the crys-
tal structure of BTCPO in the space group P 4 21 2. (a)
An ideal unit cell of BTCPO is shown with CuO4 plaquettes
(blue), PO4 tetrahedra (pink) and TiO5 pyramids (cyan). (b)
Cu4O12 cupola structure facing upward (up) and downward
(dn) is shown in a-b plane. (c) Individual Cu4O12 cupola
structure facing upward (up) and downward (dn) is shown.
(d) Connectivity of P with Cu via O is presented within
Cu4O12. Here Cu is hyperfine coupled with P through O. (e)
Connectivity of different Cu4O12 assembly via PO4 pyramids
is shown.
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FIG. 2. (Color online) X-ray diffraction (XRD) data for
BTCPO obtained at 300 K with a wavelength of 1.54182 A˚.
The red circles represent observed XRD pattern and the cal-
culated XRD pattern (from Rietveld refinement) is shown by
a solid line. The expected Bragg peak positions are shown
as vertical blue bars and the difference between the observed
and the calculated intensities is shown by green line.
B. Magnetic Susceptibility
Fig.3 shows the magnetization (M) divided by the
magnetic field (H) ((χ(T )) = M(T )/H) for BTCPO as a
function of temperature along with the inverse suscepti-
bility 1/(χ−χ0). A fit to the high-temperature data (150-
390 K) using the Curie-Weiss law (χ = χ0+C/(T−θCW))
yields a Curie-Weiss temperature θCW = −35 K which
indicates antiferromagnetic interaction between the Cu2+
ions. The θCW value for BTCPO is higher than that of
the isostructural STCPO compound which is 18.7 K. The
temperature independent susceptibility χ0 is obtained to
be −8.63 × 10−5cm3/mol− Cu. Furthermore, the effec-
tive magnetic moment is µeff = 1.97 µB/Cu which is
typical for Cu2+ ion with a small spin-orbit coupling.
On cooling, a broad maximum appears around 16.5 K in
χ(T ). The broad maximum is likely due to short range
correlation within each cupola or within the two dimen-
sional Cu-O layer.
We have further fitted the susceptibility, after sub-
tracting the temperature independent susceptibility (χ−
χ0), to a uniform tetramer model with nearest neighbor
interaction J in the Heisenberg model
H = −J
∑
Sk.Sl (1)
The expression for susceptibility8 (χ(T )) in this case
is:
χ
(gµB)2
=
2β(5 + 3eβJ)
(5 + 6eβJ + 3e2βJ + 2e2βJcosh(iβJ/2))
(2)
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FIG. 3. (Color online) T dependence of χ, measured at H =
10 kOe (blue open circles) and inverse susceptibility 1/(χ −
χ0), where χ0 is temperature independent susceptibility, as a
function of T (dark-yellow solid triangles). The linear Curie-
Weiss fit is done in the T -range 20 - 395 K (red solid line).
where β =
1
kBT
, kB is Boltzmann constant, µB is the
Bohr magneton, i =
√
(−1) and g is the electron g-factor.
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FIG. 4. (Color online) Magnetic susceptibility (after sub-
tracting a T independent susceptibility, χ0) data of BTCPO
measured at H=10 kOe as a function of temperature (open
green circles) together with a fit (solid wine line) to the uni-
form rectangular tetramer model (J/kB = 47 K and g = 2.23
).
Our fit (see Fig.4) yields J/kB ∼ 47 K and g ∼ 2.23.
Although the simple tetramer model fits the χ(T ) data
well even a little below the broad maximum, non-zero
intralayer and interlayer interactions among Cu2+ ions
were inferred from the analysis of the inelastic neutron
scattering data4,9. Therefore a complete analysis which
includes other intra-tetramer/cupola and inter-cupola in-
teractions is needed.
4C. Heat Capacity
To explore further the ground state and low energy ex-
citations of BTCPO, we have measured the heat capacity
CP(T ) as a function of temperature in various fields (0-
90 kOe) as shown in Fig.5. Here it is clear that there
is a sharp peak at TN= 9.5 K, which assures long-range
ordering in the system. To inspect the behavior of Cp be-
low TN, variation of CP against T is shown in the inset
of Fig.5. From this it becomes evident that in contrast
to the Sr homologue TN of BTCPO is rather robust in a
magnetic field and only a small shift of TN with field is
observed.
The specific heat of a magnetic insulator comprises of
the specific heat due to the lattice (C lattice) and the spe-
cific heat due to the magnetic entities (Cm)
10.
To estimate the lattice contribution (Clattice) in the
absence of a suitable non-magnetic analog for BTCPO,
a combination of Debye and Einstein terms, given below,
have been used.
Clattice(T ) = Cdebye + CEinstein (3)
where, CDebye = CD[9kB(
T
θD
)3
∫ θD
0
x4ex
(ex−1)2 dx] and
CEinstein =
∑
CEi[3R(
θEi
T )
2
exp( θEiT )
(exp( θEiT )− 1)
].
One formula unit of Ba(TiO)Cu4(PO4)4 has 27 atoms.
Hence in each crystallographic direction there will be one
acoustic and 26 optical modes of atomic vibrations11.
The Debye integral term in Eq.(3) represents three ac-
coustic vibrational modes and the Einstein term in Eq.(3)
accounts for 78 optical vibrational modes of phonons.
This amounts to the condition CD =
1
27 and
∑
CEi =
26
27
or CD + CEi = 1 for each direction. The experimental
data were found to be fitted well (see Fig.5) with the
weightage factors corresponding to Debye model and Ein-
stein model. Taking n = 27, our fit yields CD = 0.037,
θD = 150 K, CE1 = 0.45, θE1 = 967 K, CE2 = 0.36,
θE2 = 393 K, CE3 = 0.17, θE3 = 147 K . Here it is worth
to mention that this is a simple model to extract the ba-
sic characteristics of lattice dynamics which is complex
in nature.
The magnetic specific heat (Cm(T )) has been extracted
by subtracting C lattice from CP (T ) data. In Fig.6, Cm(T )
at different applied fields has been shown. One can no-
tice that the peak position is nearly field dependent and
the peak shifts by ∼1 K at 90 kOe . A power law (Cm
∝ Tα) behavior is observed below TN. From the Fig.6
the extracted values of the power law exponent are 3.9
and 3.6 for zero field and 90 kOe respectively. The high
power law exponent is due to 3D ordering12 among Cu2+
ions, which are interacting antiferromagnetically and due
to phonon-magnon coupling13. A gap of 11.5 K has been
seen in neutron scattering measurements1. An exponen-
tial decrease of magnetic heat capacity is expected for a
system with an excitation gap. Given the limited tem-
perature range of our CP(T ) data, it may not be easy
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FIG. 5. (Color online) The CP(T ) data as a function of tem-
perature at different magnetic fields is presented. The 1D+3E
combination fit of CP(T ) data at 0 Oe is shown in solid red
line. In the inset closer view of CP(T ) data where the system
shows antiferromagnetic ordering has been shown (∼ 9.5 K).
to distinguish exponential behavior from a (large) power
law behavior.
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FIG. 6. (Color online) The Cm data (log-log scale) for
BTCPO at different applied magnetic fields have been shown
as a function of temperature and the plot shows anomaly at
TN = 9.5 K. Below ordering temperature Cm is fitted with
power law (Cm ∝ Tα) as scales are in log-log, a linear fit is
shown for 90 kOe and 0 Oe fields.
After calculating Cm, the magnetic entropy change
∆Sm can be calculated simply by integrating Cm/T with
respect to temperature T . In Fig.7 ∆Sm as a function of
T at different magnetic fields has been shown. It is no-
table that most of the entropy decrease has taken place
above TN (' 9.5 K). The calculated ∆Sm in zero field was
found to be 5.5 (J/K-mol-Cu) upto 50 K, which is 95 % of
Rln(2)= 5.762 (J/K−mol), expected for a S = 1/2 sys-
tem. This clearly confirms the magnetic order in BTCPO
is of long ranged nature. The apparent missing entropy
probably is due to the uncertainty in the estimation of
the phonon reference C lattice.
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FIG. 7. (Color online) The magnetic entropy change
(∆Sm(T )) as a function of temperature normalized to Rln2
for BTCPO in different magnetic fields is shown.
D. 31P NMR
1. NMR shift
NMR is a robust local probe to study the static and
dynamic properties of the magnetic systems. In BTCPO
31P nuclei are coupled to the magnetic spins of Cu2+
through a transferred hyperfine coupling. As the 31P is a
spin 1/2 nucleus, a single spectral line is expected for 31P
NMR. Respective spectra of BTCPO at selected temper-
atures have been shown in Fig.8. We can see an asym-
metric line shape which shifts with temperature. The
asymmetric line shape is either due to an anisotropy of
the spin susceptibility and/or anisotropy of the hyper-
fine coupling. As shown in Fig.8 the peak position of
the spectrum shifts to higher frequencies as temperature
is lowered, levels off around 15 K and then it shifts to
lower frequencies with the further decrease of tempera-
ture down to 4 K.
In order to estimate the 31P NMR powder averaged
line shifts (Kiso, Kaniso and Kax) from our experimen-
tally taken spectra as a function of temperature, we com-
pared the measured spectra with simulated lineshapes
here.
Kiso =
1
3
(KX +KY +KZ) (4)
Kaniso =
1
2
(KY −KX) (5)
Kax =
1
6
(2KZ −KX −KY ) (6)
where KX , KY and KZ denote the principal compo-
nents of the shift tensor K.
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FIG. 8. (Color online) Temperature dependent 31P NMR
spectra of BTCPO in a magnetic field of 93.954 kOe. The
peak position shifts to higher frequencies as T is lowered from
300 K to 15 K and then shifts to low frequencies on decreasing
T from 15 K to down to 4 K.
Fixing Kaniso = 0 and taking K iso, Kax as variable
parameters, we looked for good agreement between the
simulated and experimental spectra. A few simulated
spectra as a function of frequency at selected tempera-
tures are shown in Fig.9. With Kaniso = 0, K iso provides
the average intrinsic susceptibility, which is proportional
to
1
3
(2K⊥ + K‖) for an axially symmetric shift (KX =
KY = K⊥ and KZ = K‖). Here K‖ means that the
external field is parallel to the Z direction and K⊥ corre-
sponds to the external field perpendicular to the Z direc-
tion. To scrutinize the behavior of intrinsic susceptibility
(static susceptibility) K iso has been plotted as a function
of temperature in Fig.10 (left y-axis). The Kiso(T ) for
the 31P site shows a broad maximum ∼ 15 K, which
indicates short-range ordering in BTCPO and the right
y-axis in Fig.10 shows χ(T ) for BTCPO which follows
same as Kiso(T ). Here for BTCPO ordering temperature
and maximum is at higher temperature comparative to
STCPO. We note that K(T ) reflects χspin(T ) explicitly
and it can be written
6K(T ) = K0 +
Ahf
NAµB
χspin (7)
Here, K0 is the temperature independent chemical shift
and Ahf is the total hyperfine coupling between
31P nu-
clei and Cu2+ spins. Fig.10 shows the comparison of
NMR-shift as a function of temperature with susceptibil-
ity as a function of temperature and it is clear that the
shift tracks the susceptibility. In the inset of Fig.10, Kiso
is plotted as a function of χ by taking temperature (T )
as an implicit parameter. The linear fit of the data for
T > 10, yields the isotropic part of hyperfine coupling
Aisohf w 6794 Oe/µB. In Fig.11 the axial 31P NMR shift
is shown as a function of temperature and it also has a
broad maximum around 15 K. To extract the axial part
of the hyperfine coupling linear fit of Kax vs χ is shown
in inset of Fig.11 and Aaxhf w 818 Oe/µB. These values
are comparable to the hyperfine coupling constants for
isostructural STCPO5, which are 6539 Oe/µB and 952
Oe/µB for A
iso
hf and A
ax
hf respectively. It is noteworthy to
mention that the NMR shift directly explore χspin and
is free from impurity.
2. Spin-lattice relaxation rate, 1/T1
The spin-lattice relaxation rate 1/T1 probes the low
energy spin excitations14. We have monitored the re-
covery of the longitudinal nuclear magnetization of 31P
following a saturating pulse sequence. The recovery fits
well to a single exponential function as expected for a
I = 1/2 nucleus.
The 1/T1 values estimated from the single exponen-
tial function fit are plotted in Fig.12 as a function of
temperature. At high temperatures (T > 80K), 1/T1 is
temperature independent and on lowering temperature
down to 4 K 1/T1 decreases rapidly towards zero.
In the paramagnetic state, the 1/T1 is expected to
be T -independent as the fluctuation frequency is much
greater than the NMR frequency. On lowering the tem-
perature, 1/T1 decreases (below 80 K) for BTCPO and
after going through an anomaly/plateau at about 10 K, it
drops zero on further decreasing the temperature. Gener-
ally 1/T1 is expected to rise on approach to LRO and ex-
hibit a divergence near the ordering temperature but here
no sharp divergence is seen which is likely due to filter-
ing of antiferromagnetic fluctuation at 31P site which is
symmetrically located between the Cu. So this anomaly
at 9.5 K is due to LRO in BTCPO .
The local moment contribution to the spin-lattice re-
laxation rate (1/T1) is given by
15,16
1
T1
=
2kBT
~2
(
γn
γe
)2A2hfΣq(χ
′′
(q, ω)/ω) (8)
where the sum is over the wave vector q, γn is the nuclear
gyromagnetic ratio, γe is the electron gyromagnetic ratio,
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FIG. 9. (Color online) Simulated 31P NMR spectra and ex-
perimentally collected 31P NMR spectra at different temper-
atures are shown by green solid lines and red open circles for
BTCPO respectively.
Ahf is assumed q independent hyperfine coupling con-
stant, χ
′′
(q, ω) is the q dependent imaginary part of the
dynamical susceptibility at the nuclear Larmor frequency
ω and the summation is over all wave vectors. In the
limit ω −→ 0 the summation is given by χloc(T )ωe , where
χloc(T ) is the static local moment susceptibility per mole
per atom and ωe is electron fluctuation frequency. In the
high-T limit the susceptibility is Curie-like (C/T ) and
the relaxation rate becomes T -independent and is 1T1 =
4× 2kB~2 (γnγe )2A2hf CNAωe , where the electron fluctuation fre-
quency is ωe =
J
~
√
( 8zS(S+1)3 ) ' 1.3×1013rad/s where we
assume uncorrelated fluctuations of 4 Cu neighbors of P.
The number of nearest neighbors z is taken as 4 and the
exchange coupling J/kB is obtained (in a mean field ap-
proach) to be about 35 K from the θCW value. Using the
hyperfine field value Aisohf =1698.5 Oe/µB per Cu
2+ (1/4
of total hyperfine coupling constant, Aisohf =6794 Oe/µB)
in Eq. 8 , we obtain 1/T1 ' 0.07 ms−1. This is around
one order of magnitude smaller than the experimentally
measured rate of about 1 ms−1. A similar calculation
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FIG. 10. (Color online) The left y-axis shows temperature
dependent isotropic 31P NMR shift (Kiso) as a function of
temperature. The right y-axis shows temperature dependent
magnetic susceptibility of BTCPO. In the inset variation of
NMR-shift (Kiso) vs χ is plotted with temperature as an im-
plicit parameter and the solid line is the linear fit.
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FIG. 11. (Color online) Temperature dependent axial 31P
NMR-shift, Kax is shown as a function of temperature for
BTCPO. It is showing broad maximum around 15 K. In the
inset: 31P NMR shift vs χ is plotted for Kax with temperature
as an implicit parameter and the solid line is the linear fit.
of 31P NMR 1/T1 value in the paramagnetic region of
STCPO5 yields 0.12 ms−1. This is also around one order
of magnitude smaller than the experimentally measured
rate of about 2 ms−1. However the expected ratio of the
spin-lattice relaxation rate (1/T1) for BTCPO to STCPO
is ∼ 0.6 based on the Moria formula which is compara-
ble to the experimentally inferred ratio of about 0.5. In
Fig.13, 1/(KisoT1T ) is plotted as a function of T . We see
that 1/(KisoT1T ) temperature independent above ∼ 10
K. Based on Moriya formula, temperature independence
of 1/(KisoT1T ) would be expected when q = 0 fluctua-
tions dominate the relaxation (see Eq. 8). The sharp
decrease below 10 K is likely related to development of
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FIG. 12. (Color online) 1/T1 is plotted (in a semi-log scale)
as a function of temperature with error bars at some selected
points. In the inset: 1/T1 is plotted as a function of tem-
perature in log-log scale. The fitting is shown for a power
law (1/T1 ∝ Tα) in solid cyan line and for a gapped behavior
(1/T1 ∝ T 2e(−∆/kBT )) in dashed red line.
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FIG. 13. (Color online) The T -dependence of 1/KisoT1T for
BTCPO is shown here with error bars at some selected tem-
perature.
static moments below the ordering temperature. This
dependence of 1/(KisoT1T ) on T is likely due to the de-
velopment of long-range order below about 10 K.
In the inset of Fig.12, 1/T1 is plotted as a function of
T and is seen to follow power law behavior (1/T1 ∝ Tα)
below TN = 9.5 K. The fit is seen to be good in the
temperature range 8.5 - 4.0 K. The obtained exponent
value is 4.9 and similar to that seen in our heat capacity
data.
On the other hand, a fit to an activated behavior has
been done for STCPO5, expecting that a two magnon
(or Raman)14,17,18 process might be responsible for nu-
clear spin-lattice relaxation as the spectral line shape is
asymmetric. The equation used for such a fit is,
81/T1 ∝ T 2e−∆/kBT (9)
where ∆ is the gap. If we fit our data to Eq.9 in the
limited temperature range 6.0 - 4.0 K, we get ∆/kB '
11 K. Note that in Ref.5 as well, a fit to Eq.9 has been
performed in the limited temperature range 3.3 - 1.8 K
to extract the spin-gap value. Overall, a power law de-
pendence below the ordering temperature appears to be
more robust.
IV. CONCLUSION
Using various experimental probes such as XRD, χ(T ),
M(H), CP (T ) and NMR, properties of BTCPO have
been explored. Conventional rectangular tetramer model
fitting for our magnetization data yields a value of the
exchange coupling to be about 47 K. A clear anomaly is
seen in our CP(T ) data suggestive of antiferromagnetic
ordering around 9.5 K. The inferred entropy change is
nearly equal to that expected from the spin entropy. 31P
NMR lineshapes are seen to be asymmetric. Analysis of
the NMR data based on a hyperfine coupling anisotropy
yields the isotropic and axial components of the hyperfine
coupling tensor Aisohf w 6794 Oe/µB, Aaxhf w 818 Oe/µB
respectively for BTCPO. The 31P NMR 1/T1 data ex-
hibit an anomaly/plateau at about 10 K and analysis
of the data below the ordering temperature suggests a
power law variation with temperature. Given the large
value of exponent (' 5) so obtained, a simple exponen-
tial variation would also fit the data. 31P NMR 1/T1
follows a power law below ordering temperature with ex-
ponent value 6.8 for STCPO5 which is somewhat larger
than in BTCPO having exponent value 4.9. Exploration
of the effect of dilution of the magnetic lattice on the
magnetic and magnetoelectric properties appears to be
an interesting direction for future pursuit.
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